The pineal hormone melatonin influences circadian rhythms and also mediates reproductive responses to photoperiod. The authors tested whether pinealectomy influences circadian oscillators responsible for induction of nonresponsiveness to short day lengths by preventing normal short-day patterns of circadian entrainment. Adult male Siberian hamsters were pinealectomized or sham operated, maintained in either 18 h light per day (18L) or 15L for 10 weeks, and then tested for responsiveness to 10L. Because pinealectomized hamsters do not show gonadal regression in short day lengths, responsiveness was assessed by measuring phase angle of entrainment and the length of the nightly activity period following transfer to 10L. The incidence of nonresponsiveness was significantly higher in 18L hamsters than in 15L hamsters but was unaffected by pineal status. Fully 88% of 18L hamsters failed to entrain to 10L in the normal short-day manner; the duration of nightly activity remained compressed, and the phase angle of entrainment was large and negative relative to lights off. The 15L hamsters entrained normally to 10L. Exposure to constant light after 10L treatment was equally effective in inducing arrhythmicity in pinealectomized and intact hamsters. Changes in the period of morning and evening circadian oscillators subsequent to 18L treatment did not predict circadian responsiveness to short photoperiod. Long-day induction of photo-nonresponsiveness, which prevents winter responses to short day lengths, occurs independently of pineal melatonin feedback on the circadian system.
INTRODUCTION
The allocation of energy for reproduction often is restricted to a specific phase of the annual cycle. In mammals, the external cue of principal importance to the proximate regulation of seasonal reproduction is the seasonal change in day length (DL) (Bronson, 1989) . In a number of seasonal breeders, however, a subset of individuals remains reproductively competent during the winter season when most of their conspecifics are reproductively quiescent. This nonphotoperiodic phenotype has been documented in hamsters (Phodopus), voles (Microtus), and deer mice (Peromyscus) in field and laboratory studies and is common among long-day breeding rodents (Nelson, 1987) . Although untested in the field, photoperiod nonresponsiveness may represent a strategy to maximize reproductive success in short-lived photoperiodic rodents. If the severity of winter conditions (e.g., temperature, food availability) varies substantially from year to year, then the costs of winter breeding may likewise vary. During extremely mild winters, the costs associated with reproduction in the winter should be minimized, thereby diminishing the selective advantage of obligate seasonal reproductive quiescence and permitting maintenance of nonseasonal individuals in a population (Bronson, 1989; Freeman and Goldman, 1997b) .
Siberian hamsters (Phodopus sungorus) are rendered reproductively nonresponsive to short DLs if they possess one or more alleles that lengthen the circadian period (τ), thereby inducing a pattern of entrainment characterized by a compressed duration of nightly locomotor activity (α) in short DLs (Puchalski and Lynch, 1986; Freeman and Goldman, 1997a) . Alternatively, exposure to long DLs (e.g., 18 h light and 6 h dark, 18L:6D) for 10 weeks also results in compressed α . The duration of α is proportional to the duration of nightly melatonin (MEL) secretion (Elliott and Tamarkin, 1994) , and the shortduration (≤ 6 h/night) MEL secretory pattern associated with a compressed α is incompatible with reproductive quiescence (Goldman et al., 1984; Bartness et al., 1993) .
So-called genetic nonresponsiveness to short DLs in Siberian hamsters is mediated by a light-entrainable circadian clock and can be reversed by manipulations of the circadian system early in life (Freeman and Goldman, 1997a) . Environmentally induced nonresponsiveness is qualitatively similar to genetic nonresponsiveness in that α remains compressed under short DLs. However, the functionally relevant changes in the circadian system that render an individual hamster nonresponsive remain unknown. Environmental induction of nonresponsiveness may reflect changes in coupling strength among circadian oscillators induced by long DLs. According to one model, very long DLs (e.g., 18L) align evening (E) and morning (M) circadian oscillators in close temporal proximity. The endogenous period (τ) of the E oscillator (τ E ) normally is < 24 h, whereas τ M normally is > 24 h (e.g., Siberian hamsters ); these features of E and M presumably interact to control α expansion in short DLs (Illnerova et al., 1984) . Coupling strength between E and M is a function of their mutual proximity and is thought to reciprocally influence their periods. Entrainment to 18L alters E-M proximity, and therefore coupling strength, and is thought to induce nonresponsiveness by changing τ E from < 24 h to > 24 h . Once τ E exceeds 24 h, α no longer can expand on transfer to short DLs. Whether increased temporal proximity of E and M is sufficient to induce permanent changes in τ E or ancillary factors also are significant to the new E-M coupling status is unknown.
Pineal MEL may contribute to the induction of nonresponsiveness. In rodents, MEL influences entrainment of circadian oscillators; during a restricted portion of the day, MEL can cause small-amplitude phase shifts and entrain the circadian clock of pinealectomized rats (Redman et al., 1983; Thomas and Armstrong, 1988) . This effect suggests that MEL may influence oscillator interactions within the circadian system (i.e., coupling). In addition, MEL can directly reset the phase of suprachiasmatic nucleus (SCN) explants in vitro (Sumova and Illnerova, 1996) . However, entrainment by exogenous application of MEL reveals little about the actual function of physiological concentrations of MEL in the intact organism. To this end, a single study in rats indicates that, under conditions that promote uncoupling of circadian oscillators (continuous illumination, LL), elimination of pineal MEL promotes further uncoupling (Cassone, 1992) .
Photoperiodic nonresponsiveness in the Siberian hamster is a consequence of specific abnormalities in entrainment of the circadian clock to short photoperiods (Freeman and Goldman, 1997a) . Given the efficacy of exogenous MEL in phase shifting the circadian clock, it seems plausible that endogenous MEL contributes to interactions among circadian oscillators consequent to photoperiod manipulations. The present experiment tested this hypothesis. Specifically, we assessed whether, under photoperiodic conditions that alter coupling of circadian oscillators and thereby induce photoperiod nonresponsiveness, the absence of pineal MEL would decrease coupling between E and M and, thereby, the incidence of short-day nonresponsiveness. We also determined whether exposure to constant light would weaken coupling among circadian oscillators in Siberian hamsters, as has been reported in other species (Pittendrigh and Daan, 1976; Cassone, 1992) and whether any decrements in coupling would be exacerbated by the absence of pineal MEL.
METHODS

Animals
Siberian hamsters (P. sungorus) were housed in polypropylene cages from birth at an ambient temperature of 21 ± 2º C in a room illuminated for 15 h per day with fluorescent light (15L, lights on 0300 h [all times Pacific Standard Time]). Food (mouse chow No. 5015, Purina Mills, St. Louis, MO) and tap water were provided ad libitum. Male hamsters were housed in groups of 3 to 5 individuals per cage from 18 days until 8 to 9 weeks of age (Week 0), at which time they were pinealectomized (PINx, n = 30) or sham operated (n = 28) and housed individually thereafter.
Pinealectomy Procedure
Pinealectomy and sham pinealectomy were performed under ketamine "cocktail" anesthesia according to the procedure of Bartness and Goldman (1988) . Briefly, fully anesthetized hamsters were secured in a stereotaxic apparatus. A hole (< 2 mm diameter) was drilled in each skull, and the pineal gland was removed with a pair of microdissecting forceps. Each sham-operated hamster was anesthetized, and only a small hole was drilled in the skull. Animals were given Tylenol/codeine in their drinking water for 3 days postoperatively. Surgical and nonsurgical animal care procedures received prior approval from the Animal Care and Use Committee at the University of California, Berkeley.
Induction Day Lengths
At Week 0, all animals were transferred to 18L (a photoperiod previously shown to induce nonresponsiveness to subsequent short photoperiods ) or remained in 15L for 10 weeks. At Week 10, all animals (18L-PINx [n = 20], 18L-sham [n = 23], 15L-PINx [n = 10], and 15L-sham [n = 5]) were transferred to 10L for 11 weeks to determine responsiveness to short DLs. At Week 21, a random subset (n = 24) of hamsters that had been exposed to 18L were transferred to constant illumination (LL, 400 to 700 lux) for 3 weeks. For all photoperiods used in this experiment (except LL), the time of lights off remained fixed at 1800 h.
Somatic, Gonadal, and Activity Measurements
Body weight (± 0.1 g) and estimated testis volume (ETV) was determined for each hamster at Weeks 0, 10, and 21. Each animal was lightly anesthetized with methoxyflurane vapors (Metofane, Pitman Moore, St. Louis, MO), and the length and width of the left testis were measured externally. The product of testis width squared times length provides an ETV that is highly correlated with testis weight as previously validated in this species (Gorman and Zucker, 1995) . From Week 10 to the end of the study (Week 24), locomotor activity was monitored with passive infrared monitoring detectors mounted on plastic hoods set on top of wire cage lids. Movement in the cage across 3 or more of 27 zones activated a closed-contact relay to Dataquest III software (Data Sciences, St. Paul, MN). From these data, nightly activity duration for each animal was determined using the Tau software package (Mini-Mitter, Sunriver, OR). Total activity counts for 10-min intervals were averaged more than 1 week to generate a 24-h histogram. Activity onset was defined as the time at which activity levels first exceeded the daily mean and remained above this value for a minimum of 1 h. Activity offset was defined as the time after activity onset at which activity declined below the daily mean and remained below the mean for more than 1 of the next 2 h. Duration of the active phase (α) was calculated as the interval between activity onset and activity offset . Mean α and phase angle of entrainment (onset of activity) relative to lights off (ψ R,L ) were determined separately during the final 2 weeks of exposure to 18L or 15L (Weeks 8 to 10 [hereafter, Week 10]) and during the final 3 weeks of exposure to 10L (Weeks 18 to 21 [hereafter, Week 21]).
Classification of Photoresponses
Testis size alone was not an adequate indicator of responsiveness to 10L because half of the hamsters in this study were subjected to pinealectomy, and PINx hamsters do not undergo gonadal regression in short DLs (Hoffmann, 1979) . Accordingly, hamsters were classified as photoresponsive or photo-nonresponsive based almost exclusively on features of the circadian system, as determined by locomotor activity at Week 21. When compared to hamsters that exhibit gonadal regression in short DLs ("responders"), reproductively nonresponsive hamsters entrain to short DLs in a manner characterized by compressed α and large negative ψ R,L . The duration of α reliably indicates the status of a circadian clock that regulates pineal N-acetyl-transferase and ultimately secretion of MEL into peripheral circulation (Illnerova et al., 1984; Elliott and Tamarkin, 1994) ; thus, an expanded α is required for testicular regression in response to short DLs in this species (Goldman and Elliott, 1988) . These criteria for nonresponsiveness are based on diagnostic features of circadian activity in nonresponders as described and validated by Gorman and Zucker (1997, α) and Freeman and Goldman (1997a, ψ R,L ) in this species. In the present study, we used both of these previously validated criteria to classify responsiveness because in more than 50% of the PINx animals, testis measurements were meaningless for purposes of validation. Thus, hamsters were classified as circadian nonresponders (cNR) if α < 8.0 h and ψ R,L > 4.0 h at Week 21 and as circadian responders (cR) if α > 8.0 h and ψ R,L < 4.0 h at Week 21.
In addition, Gorman and Zucker (1997) described a small subset of photoperiod-induced nonresponders that, after 10 weeks of 18L, were behaviorally arrhythmic in 10L. Such animals presumably would not secrete a contiguous, long MEL signal on a nightly basis and, therefore, would maintain large gonads under short DLs. Thus, animals that were classified as arrhythmic in 10L at Week 21 also were categorized as cNR, pending validation by testis dimensions among arrhythmic sham-operated animals (see Results section). Circadian rhythmicity/arrhythmicity was determined by subjecting activity records to power spectrum periodogram analysis with the Tau software package. Records that did not yield τ values in a liberally defined "circadian range" (20 to 28 h) were classified as arrhythmic.
The preceding criteria classified 58 of 70 (83%) hamsters unambiguously as cR or cNR at Week 21; the remaining 12 hamsters fell in between these a priori criteria and, therefore, were omitted from further analysis.
Statistics
Differences in ETV, α, ψ R,L , and τ as a function of induction DL (18L/15L) and pineal status were assessed by two-factor analysis of variance (ANOVA). Where significant F ratios were obtained, pairwise comparisons between treatment groups were conducted using Fisher's protected least significant difference test. Comparisons of the incidence of nonresponsiveness between treatment groups were conducted using either chi-square (χ 2 ) or Fisher's exact test (Statview 4.1, Abacus Concepts, Berkeley, CA). Observed differences were considered significant if p < .05.
RESULTS
Week 10
Entrainment. Only small differences were observed between sham and PINx hamsters in entrainment to 18L. α was 12 min longer among PINx hamsters, and PINx hamsters began activity approximately 23 min before lights off in 18L, nearly 15 min earlier than did pineal-intact animals, but none of these differences was statistically significant, α: F = 0.61, df = 1, 45, p > .05; ψ R,L : F = 0.07, df = 1, 45.
ETV and body weight. Between Weeks 0 and 10, hamsters in all treatment groups underwent modest, nonsignificant increases in ETV, F = 3.80, df = 1, 34, p > .05. ETV was larger in 18L than in 15L among shamoperated hamsters (p < .05) but not among PINx hamsters (p > .05) ( Fig. 1 ). Sham-operated hamsters tended to be heavier in 18L than in 15L, but this trend was not significant, F = 3.60, df = 1, 15, p > .05 (not shown).
Weeks 10 to 21
Entrainment. There was no significant interaction between induction DL and pineal status for either of the entrainment parameters measured, α: F = 0.02, df = 1, 44, p > .05; ψ R,L : F = 0.43, df = 1, 44, p > .05. There was, however, a significant main effect of induction DL on α, F = 21.00, df = 1, 46, p < .05, and on ψ R,L , F = 26.30, df = 1, 46, p < .05, after 11 weeks of exposure to 10L (Week 21). Hamsters from 18L maintained compressed α (< 8 h), an atypical short-day response in this species, during 11 weeks of maintenance in 10L; this outcome was not affected by pineal status (p > .05) ( Fig. 2A) . Compressed α was accompanied by a large negative ψ R,L that also did not differ between PINx and intact animals (p > .05) (Fig. 2B) . By contrast, hamsters from 15L underwent expansion of α after Week 10; at Week 21, mean α approximated 10 h in 15L hamsters and was significantly longer than that of 18L hamsters (p < .05) ( Fig. 2A) . Values of ψ R,L did not differ between PINx and sham-operated animals from 15L, F = 0.47, df = 1, 12, p > .05. Among PINx animals, Week 21 α was smaller, F = 11.80, df = 1, 24, and ψ R,L was larger, F = 12.10, df = 1, 24, for hamsters previously exposed to 18L compared to those previously exposed to 15L.
Among intact animals, similar relations were obtained, α: F = 7.60, df = 1, 21; ψ R,L : F = 7.30, df = 1, 21, p < .05 (all comparisons) ( Fig. 2 A,B ). Relative to PINx hamsters, pineal-intact hamsters exposed only to 15L underwent significant testicular regression by Week 21, F = 19.00, df = 1, 13, p < .05, whereas pineal-intact hamsters exposed to 18L did not subsequently exhibit testicular regression, F = 1.30, df = 1, 40, p < .05 (Fig. 2C) .
Circadian photoresponsiveness. At Week 21, 58 of 70 hamsters met the criteria for designation as cR or cNR. The remaining 12 animals were ambiguous under the criteria, as 11 exhibited a large α (> 8.0 h) and a large ψ R,L (> 4.0 h) and 1 manifested small α and small ψ R,L .
These animals were excluded from further analyses. After 11 weeks in 10L, 21 of 23 (91%) pineal-intact hamsters from 18L were classified as cNR. This proportion did not differ from the incidence of cNR observed among PINx hamsters from 18L (18 of 20 [90%]), χ 2 = 0.02, df = 1, p > .05.
The incidence of cNR was significantly lower among animals from 15L than among those from 18L, irrespective of pineal status. Only 4 of 15 (27%) 15L hamsters were classified as cNR at Week 21 compared to all 18L animals, χ 2 = 23.80, df = 1, p < .05. Among 15L hamsters, PINx did not significantly affect circadian responsiveness to 10L, as 1 of 5 intact (20%) and 3 of 10 PINx (30%) hamsters were classified as cNR at Week 21, χ 2 = 0.17, df = 1, p > .05. The influence of pineal status and photoperiodic history on circadian responsiveness to 10L is summarized in Fig. 3 .
Hamsters that were behaviorally arrhythmic, based on periodogram analyses, were classified as cNR. This designation was validated by the finding that none of the 5 sham-operated hamsters that were arrhythmic at Week 21 underwent testicular regression in 10L. As a result of their arrhythmic patterns of activity, neither α nor ψ R,L values could be obtained from their activity records. The proportion of arrhythmic hamsters at Week 21 did not differ as a function of pineal status. Among 18L-treated animals, 4 of 20 PINx and 5 of 23 sham-operated hamsters were behaviorally arrhythmic at Week 21, χ 2 = 0.02, df = 1, p > .05; among 15L-treated hamsters, 1 of 9 PINx and 0 of 5 intact hamsters were arrhythmic (Fisher's exact probabilities test, p > .05). Arrhythmicity at Week 21 was not dependent on the induction DL (Fisher's exact probabilities test, p > .05).
Pinealectomy affected neither α nor ψ R,L regardless of whether animals were cNR, α: F < 0.01, df = 1, 31; ψ R,L : F = 0.19, df = 1, 31, p > .05 (both comparisons), or cR, α: F = 0.03, df = 1, 13; ψ R,L : F = 1.10, df = 1, 13, p > .05 (both comparisons) ( Fig. 4 A,B) . Irrespective of induction DL, α was ≥ 4 h longer, F = 255, df = 1, 46, p < .05, and ψ R,L was approximately 5 h shorter, F = 312, df = 1, 46, p < .05, in cR hamsters relative to cNR hamsters ( Fig. 4 A,B) .
Other features of entrainment. Hamsters previously in 18L did not entrain to 10L in a typical short-day man-ner (i.e., with expanded α and small ψ R,L ). The modal cNR hamster maintained compressed α with a small negative ψ R,L during the first few days of exposure to 10L. At some point during the first 2 weeks of 10L, α disengaged from lights off and began to cross the new 14-h dark phase, delaying by < 30 min every day; this usually was accompanied by α expansion. Onset of activity became progressively more phase delayed relative to lights off, and after several weeks of activity, offset coincided with light onset, after which α compressed again (Fig. 5 C,D) . The resulting pattern of activity superficially resembled a free-running activity rhythm. Although true measurements of the intrinsic circadian period of an oscillator can be obtained only under constant conditions (due to potential entraining and/or masking effects), period estimates of E and M circadian oscillators nonetheless were made between Weeks 10 and 21. In all individuals, the estimated periods (τ′) of activity onset (τ′ E ) and activity offset (τ′ M ) differed during the interval between initial transfer to 10L (Week 10) and steady-state entrainment to 10L, with τ′ M > τ′ E . As a result of this difference in period, α underwent a transient expansion prior to recompression when activity offset abutted lights on. The pattern of activity generated by cNR 15L animals after Week 10 closely resembled that described earlier for cNR 18L hamsters; α free ran across the 14-h dark phase and became compressed (α < 8.0 h) against lights on by Week 21. By contrast, hamsters from the 15L induction DL that were judged as cR manifested an expanded α at Week 21. The proximate locomotor activity leading to cR at Week 21 consisted of either (1) the onset of activity closely associated with lights off and the offset of activity expanded into the dark phase ( Fig. 5A ) or (2) α free running across the dark phase but stopping at an intermediate ψ R,L (usually < 4.0 h), permitting α to exceed 8 h before lights on (Fig. 5B) .
During the interval between Week 10 and steadystate entrainment to 10L (prior to Week 21), period estimates were determined in 32 cNR and 12 cR hamsters ( Fig. 6 A,B) . τ′ E was greater in cNR hamsters than in cR hamsters, F = 83.50, df = 1, 42, p < .05 (Fig. 6C ), and this relation was not influenced by pineal status, F = 0.02, df = 1, 40, p > .05 (not shown), or induction DL, F = 0.87, df = 1, 140, p > .05 (not shown). Similar relations were obtained for τ′ M , F = 36.10, df = 1, 42, p < .05 (Fig. 6C) . Therefore, data were collapsed across induction DLs and pineal status to determine whether relations between τ′ E and τ′ M had any influence on circadian responsiveness to 10L. Neither the absolute difference (τ′ M -τ′ E ) nor the relative difference (τ′ M /τ′ E ) between τ′ E and τ′ M predicted cR or cNR status, F = 0.10, df = 1, 42, p > .05 (both comparisons) (not shown).
Four general types of locomotor activity were observed after Week 10. After transfer to 10L, hamsters' activity either (1) free ran across the dark phase, establishing a large negative ψ R,L and maintaining α compressed against lights on (classified as cNR, 57% of records) (Fig. 7A); (2) retained a small negative ψ R,L and progressively decompressed α over the next several weeks (classified as cR, 19% of records) (Fig. 7B); (3) free ran across the dark phase, establishing a large negative ψ R,L but substantial decompression of α (classified as cR, 7% of records) (Fig. 7C) ; or (4) became intermittently or permanently arrhythmic in a manner that prevented reliable measurement of α or ψ R,L (classified as cNR, 17% of records) (Fig. 7D ).
Weeks 21 to 24
Circadian rhythmicity in continuous illumination. Transfer to LL after Week 21 was associated with a high incidence of behavioral arrhythmicity, as 13 of 19 hamsters (68%) failed to exhibit coherent circadian locomotor activity rhythms during the 3-week interval of exposure to LL. Common among these animals were a few (1 to 3) coherent bouts of activity during the first week of LL that degenerated into arrhythmicity by the end of the first week. Among hamsters that manifested circadian locomotor activity rhythms in LL, mean τ = 25.0 (n = 6, range 23.9 to 26.0). Arrhythmicity in LL occurred independent of pineal status, as 6 of 8 PINx and 7 of 11 intact hamsters were arrhythmic, χ 2 = 0.27, df = 1, p > .05. 
DISCUSSION
Exposure to very long DLs (18L) for 10 weeks rendered 86% of Siberian hamsters nonresponsive to subsequent short DLs (10L), as indicated by failure to expand the nightly active phase (α), a prerequisite for gonadal regression in 10L (cf. . Induction of nonresponsiveness by long DLs occurred as readily in intact hamsters as in PINx hamsters and, therefore, appears to be a pineal-and MELindependent process. The incidence of circadian nonresponsiveness observed among hamsters exposed to 18L in the present study is comparable to that reported by , who maintained hamsters in 10L from birth, confirmed reproductive pho-toresponsiveness at 6 weeks of age, treated animals with 10 weeks of 18L or 14L, and then challenged both groups with 10L. Reproductive nonresponsiveness was noted in 92% of 18L hamsters, but in only 10% of 14L animals . In the present study, 10 weeks of 15L was associated with a higher incidence of nonresponsiveness (27%) than in the earlier study, for reasons that are unclear but might be stochastic or affected by age (cf. Bernard et al., 1997) . In addition, 15L might be more potent than 14L in inducing nonresponsiveness.
The absence of pineal MEL failed to affect induction of nonresponsiveness by 18L, as measured by two circadian markers (α and ψ R,L ), and did not influence the incidence of arrhythmicity in constant light. Evidently, pineal MEL secretion is not necessary for photic induction of circadian nonresponsiveness to short DLs.
Exogenous MEL can entrain free-running rhythms in several vertebrate classes (Cassone, 1990) , and injections of MEL can both attenuate circadian perturbations coincident with large phase shifts (Ruby et al., 1997) and normalize entrainment in abnormally entrained Siberian hamsters (Puchalski and Lynch, 1986) . Although MEL can modulate components of entrainment and rhythm generation (Cassone, 1992) , a specific role for endogenous pineal MEL in the entrainment of the mammalian circadian system is far from clear (Redman, 1997) . The present data failed to implicate pineal hormones in two critical features of circadian entrainment: α and ψ R,L . Lack of a pineal influence is not restricted to conditions of abnormal entrainment; pinealectomy had no effect on α or ψ R,L in either cNR or cR animals, complementing several earlier negative reports in Syrian hamsters (Aschoff et al., 1982) .
The absence of pineal influence on coherence or generation of circadian locomotor activity rhythms in LL (Weeks 21 to 24) extends earlier accounts describing no effect of pinealectomy on circadian rhythmicity or splitting in LL in Syrian hamsters (Morin, 1993) . By contrast, Cassone (1992) observed a significant decrement in the coherence of circadian activity rhythms in PINx laboratory rats maintained in LL. Differences in the robustness of activity rhythms in LL, and in the duration of LL exposure, constrain direct comparisons among the three studies in as many species.
Photic induction of nonresponsiveness to short DLs is thought to involve changes in coupling between E and M circadian oscillators, which initiate and terminate pineal MEL secretion and locomotor activity (Ill- nerova, 1991; Elliott and Tamarkin, 1994; . In the present study, locomotor activity of most animals was recorded during the transition from long (18L/15L) to short (10L) DLs. Measurements of the estimated circadian periods of E and M (τ′ E and τ′ M ) support the model proposed by ; that is, in every nonresponsive hamster, τ′ M > τ′ E and τ′ E > 24 h. This relation caused α of nonresponder hamsters to drift across the dark phase until it established a large negative ψ R,L . The relations τ′ M > τ′ E and τ′ E > 24 h are not, however, sufficient to induce nonresponsiveness to short DLs. On transfer to 10L, several responder animals clearly exhibited τ′ E > 24 h, free ran (albeit briefly) across the dark phase, and established a moderately negative ψ R,L that permitted considerable α expansion ( Figs. 6  and 7) . The values of both τ′ E and τ′ M of nonresponder hamsters were significantly greater than those of responder animals. Although induction of nonresponsiveness is associated with specific changes in these oscillators, the value of τ′ E beyond which an animal is certain to be nonresponsive is not evident from the present data (Fig. 6 ). Photic induction of nonresponsiveness involves changes in coupling in addition to those that render τ′ M > τ′ E and τ′ E > 24 h.
Pineal status had no influence on either τ′ E or τ′ M in responder or nonresponder animals regardless of the induction DL. During photic induction of nonresponsiveness, changes in coupling presumed to occur in the circadian system-both those that involve changes in τ′ E and τ′ M and those that are not associated with changes in oscillator period-are independent of the pineal gland and short duration nocturnal MEL secretion that accompanies exposure to inductive DLs. In several laboratory models, exogenous MEL influences specific metabolic activity of SCN tissue (Gillette and McArthur, 1995) . In Siberian hamsters and other photoperiodic mammals, MEL secretion, the output of a circadian clock, mediates seasonal variation in immune function and hypothalamic neuroendocrine activity (Bartness et al., 1993; Demas and Nelson, 1997) . The physiological significance of pineal MEL secretion with regard to photoperiodism is more associated with neural and endocrine effector pathways than with feedback on the period and phase of circadian oscillators that control MEL secretion.
On initial transfer from long to short DLs, transient expansion of α occurred in most individuals. A larger absolute difference between τ′ E and τ′ M resulted in greater expansion of α during this transition interval. In pineal-intact hamsters, such expansion, if sustained for longer intervals, might have resulted in a duration of MEL secretion sufficient to induce regression of the gonads; however, the transient nature of this α decompression apparently was incompatible with eventual gonadal involution, although temporary suppression of gonadotropic activity might have occurred. More frequent assessment might resolve whether transient changes in α during transition from long to short DLs temporarily alter neuroendocrine or testis function in nonresponsive hamsters.
Among nonresponsive hamsters, testis and body weights were greater after 10 weeks of 18L treatment than after 10 weeks of 15L treatment (cf. Hoffmann, 1982; Wade et al., 1986; . This outcome is not compatible with a categorical concept of long DLs; rather, it indicates that not all long DLs are equally stimulatory. Furthermore, this graded effect of long DLs was observed in pineal-intact but not in PINx animals. Thus, fine-tuning of reproductive growth appears sensitive to MEL within a narrow range of long DLs.
In summary, this experiment extends and replicates recent observations that very long DLs induce nonresponsiveness of the circadian system to short DLs. None of these effects is pineal dependent. Although endogenous MEL may modulate features of the circadian system under conditions of high instability (Cassone, 1992) , MEL is without effect under conditions of both strong coupling (nonresponders) and normal coupling (responders). MEL does not appear to mediate the coupling within the circadian system implicated in the induction of nonresponsiveness to short DLs; the environmental induction of nonresponsiveness is likely subserved exclusively by circadianbased mechanisms. Features of the circadian system that accompany the nonresponsive state include τ′ E < τ′ M and τ′ E > 24 h, but these attributes are not sufficient for manifestation of nonresponsiveness.
